Abstract. The thermally and stress induced phase transitions occurring in a Cu-Al-Mn Shape Memory Alloy (SMA) have been investigated by means of thermal analysis techniques, tensile testing and microscopic observations. On heating a hot rolled solution annealed Cu-Al-Mn SMA, up to 873 K, two phase transformations, related to equilibrium phase precipitation and to 2-step order-disorder transition, respectively, were revealed by Differential Scanning Calorimetry (DSC). During tensile testing, the Cu-Al-Mn SMA under study experienced almost complete superelasticity, after five mechanical training cycles, as well as good ductility and tensile resistance. On trained specimens the formation of stress induced martensite was revealed by optical microscopy (OM) observations. The reversion to austenite of stress induced martensite was accompanied by relatively large increases of elastic modulus and internal friction, determined on Dynamic Mechanical Analyzer (DMA) and by marked variations of relative elongation, thermal expansion coefficient and elongation rate, determined by dilatometry. Since it is a two step transition, it was associated with the two morphologies of stress induced martensite observed by Scanning Electron Microscopy (SEM).
Introduction
The development of Cu Al Ni shape memory alloys (SMAs) started in 1957 [1] and evolved during more than half a century up to Mn-containing quaternary modifications, grain refined with B, Ce, Co, Fe, Ti, V, and Zr [2] . Presently it is considered that this alloy system has become commercially available due to its relatively low cost and thermoelastic character of martensitic transformation [3] , being 50 to 100 times less expensive than Ni-Ti as compared to which it is preferred to for some high temperature applications such as clamps or fire detectors [4] .
When substituting Ni by Mn, a marked broadening of the region of -phase (commonly called austenite) occurs, accompanied by a two step disorder order transition, 2 (B2) 1 (L2 1 ) [5] . The formation of ordered 1 austenite with Cu 2 MnAl stoichiometric formula induces ferromagnetic character [6] even it occurs under the form of ordered nanoparticles in a paramagnetic matrix [7] . When o 1 based on Cu 3 Al) is slowly cooled, it decomposes into a eutectoid [8 -2 , based on Cu 9 Al 4 ) but when it is rapidly cooled a martensitic transition occurs, up to 1 1 1 and 1 ) being formed [9] . 2 phase precipitation on shape memory behaviour of Cu-Al-Ni-Mn-Fe SMAs was analyzed and no major changes were detected in the subsequent reversion of martensite to austenite, after the quenching of an alloy in whic 2 -phase had precipitated [10] . Moreover, no orientation relationship was revealed between austenitic matrix and precipitates although the alloy under study experienced shape recovery degrees higher than 96 % [11] . Another study, performed by some of the present authors on a Cu-Al-Mn SMA in austenitic condition, allowed observing by Differential Scanning Calorimetry (DSC) two solid state transitions, during heating: (i) an exothermic precipitation of equilibrium -phase and (ii) an endothermic two st 1 (L2 1 ) austenite, firstly 2 (B2) austenite and 2]. This suggested that solution annealed Cu-Al-Mn SMA experienced similar behaviour to Ni-Ti alloys since no thermally induced martensite was formed after water cooling, however the presence of thermal memory has yet to be substantiated.
Therefore, the present study aims: (i) to emphasize the formation of stress induced martensite in an austenitic Cu-Al-Mn SMA, plastically deformed as an effect of mechanical training; (ii) to demonstrate the thermally induced reversion to austenite of the stress induced martensite which formed as an effect of training and (iii) to reveal some particular aspect of the morphology and heating behaviour of stress induced martensite. , using an extensometer. OM observations were conducted on a MEJI microscope using specimens etched with 30 % HNO 3 solution in ethanol. A NETZSCH DMA 242 device, functioning in 3 point bending mode at a frequency of 1 Hz and an amplitude of 20 x 10 -6 m, was used in order to determine the variations of modulus (E) during heating, with a rate of 5 x 10 -2 K/ s from RT to 620 K. DIL measurements were performed on a NETZSCH DIL 402 CD dilatometer, in previously mentioned conditions [13] , allowing to record the variation with temperature of the relative elongation (dL/ L 0 ), expansion rate d(dL/L 0 )/ dt and thermal expansion ). SEM analysis was conducted on etched specimens on a SEM VEGA II LSH TESCAN scanning electron microscope, coupled with an EDX QUANTAX QX2 ROENTEC detector.
Experimental results and discussion

Thermally induced phase transitions
The typical DSC thermogram of a fragment cut from a hot rolled solution annealed specimen, during a heatingcooling-heating cycle, is illustrated in Fig. 1 . In accordance to our previous report [12] , two phase transformations are noticeable during heating, which could be associated with the exothermic precipitation, at 600 K, of equilibrium [14] and with the endothermic order-disorder transition, at 756 K, of austenite, respectively [15] . During cooling, a two step disorder-order transition becomes noticeable, being located at 741 K.
Considering that cooling was interrupted at room temperature (RT), it may be assumed that direct martensitic transformation did not occur, since critical temperature M s would be located in cryogenic domain, as an effect of water quenching, being additionally depressed by Fe addition [16] . For this reason it is assumed that, during first heating, the amount of Cu-rich increased thus removing Cu from the matrix which subsequently experienced an order-disorder transition. During cooling, only the two-step ordering transition of austenite cannot further , during second heating, and two-step order-disorder transition occurs at 764 K, at slightly higher temperatures, as compared to first heating. Considering there was no evidence of the formation of thermally induced martensite, as an effect of water cooling comprised in the solution annealing heat treatment, it is assumed that the specimens are in austenitic domain, which would enhance the presence of superelasticity.
Stress induced phase transitions
The tensile behaviour of solution annealed specimens is summarized in Fig. 2 . It is noticeable from Fig. 2(a-c) that the specimens experienced superelastic behaviours, characterized by stress plateaus, both on loading and unloading, which accompany reversible stress induced martensitic transformations. Moreover, with increasing the number of training cycles, the loading-unloading loops tend to close, yet they have different shapes in Fig. 2(a) as compared to Fig. 2(b) and (c), probably due to the intervention of slip, as a plastic deformation mechanism. Finally Fig. 2(d) shows the tensile failure curve of the alloy under study revealing an ultimate strain above 40 % and a tensile strength of almost 800 MPa. In order to reveal training effects on the superelastic behaviour, Table 1 lists the values of recoverable and remanent strains corresponding to Figs. 2(a-c) . Table 1 . Values of recoverable and remanent strains (in brackets) corresponding to the mechanical training cycles of Fig.  2(a-c) It follows that after 5 training cycles, recoverable strains larger than 4 % were obtained with remanent strains lower than 0.15 %. These values suggest that, after mechanical training, almost perfect superelasticity has been obtained but the specimen remained elongated and the formation of stress-induced martensite can be assumed. One of the possible ways to prove the formation of stress induced martensite is to observe the same area of a polished specimen both before and after plastic deformation. In such cases a specific structural detail is chosen in order to allow the identification of the same area, after plastic deformation. Such an example is given in Fig. 3 , which shows the optical micrographs of the same area of a polished specimen, in initial (unelongated) condition and elongated with 7.36 %, after 5 mechanical training cycles, as illustrated in Fig. 2(c) . In case of DIL measurements, even if they are a little lifted to higher temperatures, the two above mentioned transitions are noticeable especially in the variation of expansion rate, where a marked decrease appeared followed by a two step increase, but also in the variation of thermal expansion coefficient which experiences a marked decrease.
Finally, some details regarding the morphology of stress induced martensite, in trained specimens subjected to five mechanical cycles up to 12 %, are offered by the SEM micrographs shown in Fig.6 . martensite plates, could correspond to the two step transition noticed by DMA and DIL. Fig. 6(b) shows the fact that martensite plates were formed prior to cracks, otherwise they would not be able to cross them. In addition, crack formation sheared some of the stress induced martensite plates causing small displacements between separated fragments.
Conclusions
The structure of a Cu-9.23 Al-5.3 Mn-0.6 Fe (mass, %) SMA in hot rolled homogenization annealed condition din not reveal any evidence for the formation of thermally induced martensite as an effect of post homogenization water cooling, probably because M s critical temperature has been too low. For this reason, the alloy has been fully austenitic at RT and experienced ductile tensile behaviour during failure tests and pseudoelastic behaviour during loading-unloading tests. The former was characterized by ultimate strains above 40 % and tensile strength about 800 MPa while the latter occurred after 5 training cycles, when almost perfect superelasticity was obtained being characterized by typical recoverable strains above 4 % and remanent strains less than 0.15 % per cycle.
As an effect of permanent strain, accumulated during training cycles, stress induced martensite was formed, as revealed by OM and SEM. Since two martensite morphologies were noticeable [17] the two step solid state transitions observed by DMA and DIL were associated with the successive thermally induced reversions to austenite of the two martensite populations.
